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Recent detection of the neutrino events IceCube-170922A, 13 muon-neutrino events observed in
2014-2015 and IceCube-141209A by IceCube observatory from the Blazars, namely TXS 0506+056,
PKS 0502+049/TXS 0506+056 and GB6 J1040+0617 respectively in the state of enhanced gamma-
ray emission, indicates the acceleration of cosmic rays in the blazar jets. The photo-meson (pγ)
interaction cannot explain the IceCube observations of 13 neutrino events. The non-detection of
broadline emission in the optical spectra of the IceCube blazars, however, question the hadronuclear
(pp) interaction interpretation through relativistic jet meets with high density cloud. In this work,
we investigate the proton blazar model in which the non-relativistic protons that come into existence
under the charge neutrality condition of the blazar jet can offer sufficient target matter for pp
interaction with shock-accelerated protons, to describe the observed high-energy gamma-rays and
neutrino signal from the said blazars. Our findings suggest that the model can explain consistently
the observed electromagnetic spectrum in combination with appropriate number of neutrino events
from the corresponding blazars.
PACS numbers: 96.50.S-, 98.70.Rz, 98.70.Sa
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I. INTRODUCTION
Recently the IceCube Neutrino Observatory at the
South Pole reported detection of a few reconstructed high
energy (TeV energy and above) neutrino events in spatial
coincidence with a couple of known gamma-ray blazars
which provide the first direct identification of sources of
high energy cosmic rays. Gamma-ray blazars, a class of
active galactic nuclei (AGN) with powerful relativistic
jets oriented close to the line of sight of the observer,
are considered as one of the promising contributor to the
diffuse flux of high-energy neutrinos detected by IceCube
[1]. Blazars are usually sub-classified into BL Lac objects
and flat spectrum radio quasars (FSRQs), depending on
the emission line properties [2]. A common feature of the
nonthermal electromagnetic (EM) spectral energy distri-
bution (SED) of blazars is the double-hump structure −
one at the IR/optical/UV or X-ray and the other at high
energy gamma-ray bands. The lower-energy bump is usu-
ally believed to produce from synchrotron radiation of
primary electrons while the second one can be explained
by several different mechanisms. The most popular ex-
planation of higher-energy hump lies on inverse Compton
(IC) scattering of synchrotron or external photons [3–5].
The leptonic scenarios, however, cannot explain some ob-
served characteristics such as very fast variability almost
in all observed bands [6, 7].
The first detection of cosmic ray sources occurs on
22 September, 2017 when the IceCube collaboration
observed a high-energy muon-neutrino event IceCube-
170922A of energy ∼ 290 TeV [8, 9] coming from the
direction of the sky location of the known blazar TXS
0506+056, a BL Lac object [8, 10]. A follow-up obser-
vation by the Fermi Large Area Telescope (LAT) Col-
laboration [11] revealed that the gamma-ray source TXS
0506+056 blazar was in a state of enhanced emission in
GeV energies with day-scale variability [12] on September
28, 2017. A significant very-high-energy γ-ray signal have
been observed by the Major Atmospheric Gamma Imag-
ing Cherenkov (MAGIC) Telescopes [13] with energies up
to about 400 GeV on 28 September 2017 . As high energy
neutrinos are believed to be produced only in hadronic
processes, the observed association of the neutrino event
with the gamma-ray flaring blazar TXS 0506+056 have
opened a new window to study the origin of cosmic rays
in blazars using multi-messenger astronomy.
Triggered by the discovery of the 2017 flare from TXS
0506+056 blazar, IceCube Collaboration re-investigated
the archival 9.5 yr of IceCube data at the position of TXS
0506+056 and reported significant evidence for a flare
of 13 muon-neutrino events during September 2014 and
March 2015 [8]. Assuming a power law distribution of the
signal between 32 TeV and 3.6 PeV energy range, a sta-
tistical significance 3.5σ excess over the atmospheric neu-
trino background was found during a 158-day box-shaped
time window from MJD 56937.81 to MJD 57096.21 [8].
Surprisingly, at the arrival time window of such a neu-
trino flare, the blazar TXS 0506+056 was found to be in
the quiescent state of both the radio and GeV emission
[22]. A nearby FSRQ blazar, PKS 0502+049 which is
only ∼ 1.20 far from TXS 0506+056, was in a state of
enhanced gamma-ray emission state just before and after
the period of the neutrino excess in 2014−2015 [22, 25].
Thus in principle the production of neutrinos in the jet
2of PKS 0502+049 blazar could make some contribution
to such neutrino flare in 2014 − 2015 as the position of
PKS 0502+049 is found to be spatially consistent the
directional reconstruction uncertainties of such observed
muon neutrinos.
Very recently, the IceCube Observatory reported de-
tection of a reconstructed high energy neutrino event,
designated as IceCube-141209A [26] in spatial coin-
cidence with another known gamma-ray blazar, GB6
J1040+0617 with the coincidence detection probability
by chance is just 30%. The observed association of the
neutrino suggests that the blazar GB6 J1040+0617 to be
an another plausible neutrino source candidate.
All those correlated observation of the high-energy
neutrinos with blazars during a gamma-ray flaring stage
revealed that blazars may indeed be one of the most
possible extragalactic sources of very-high-energy cosmic
rays. A relevant question is the production scenario of de-
tected neutrinos and gamma rays from the blazars. The
high energy neutrinos can be produced either in lepto-
hadronic (pγ) or in pure hadronic (pp) interactions. The
high energy neutrinos and TeV gamma rays (totally or
partially) are produced in the former scenario through
interaction of blazar accelerated cosmic rays with sur-
rounding EM radiation whereas in the later scenario they
are produced in the interaction of the blazar accelerator
cosmic rays with the ambient matter. Another issue is
the maximum energy of the accelerated particles in the
detected sources those led to creation of such high energy
neutrinos together with observed EM radiation from the
sources.
In a previous work it was demonstrated that a proton
Blazar model can describe consistently the observed high
energy gamma rays and neutrino signal from the blazar
TXS 0506+056 [21]. In the present work we would like
to demonstrate that the proton blazar model can consis-
tently explain the spectral behavior of observed higher-
energy bump of the EM SED along with the observed as-
sociation of neutrinos from all the three IceCube blazars
assuming that the association of the observed neutrino
events with the corresponding blazars at the flaring stage
are genuine. Such a scenario appears to be more realistic
than the scenario of the cloud-in-jet model as we discuss
later.
The plan of the paper is the following: In the next sec-
tion we briefly review the models proposed in the litera-
ture to explain the observed high energy gamma rays and
neutrino signal from the Icecube blazars. The proton-
Blazar model will be described in section III. In the same
section, we shall describe the methodology for evaluating
the gamma-ray and neutrino fluxes produced in inter-
action of cosmic rays with the ambient matter in the
AGN jet under the framework of proton blazar model.
The numerical estimated fluxes of hadronically produced
gamma-rays and neutrinos from the Icecube blazars over
the GeV to TeV energy range will be shown in Sec. IV
along with the observations. The findings of the present
work will be discussed in Sec. V and we shall conclude
finally in Sec. VI.
II. THE MODELS OF GAMMA RAYS AND
NEUTRINOS PRODUCTION IN ICECUBE
BLAZARS
Several efforts have been made so far to interpret the
production of the detected neutrino events together with
the EM observations from TXS 0506+056. A common
feature of all the proposed models is that protons are ac-
celerated along with electrons to relativistic energies in
the acceleration sites. The observations of the HE com-
ponent have been interpreted mainly with the protons
interaction either with low energy photons of blazar envi-
ronment (lepto-hadronic (pγ) interaction)[10, 12, 14, 15]
and/or with ambient matter (hadronic (pp)) [16, 17].
Ansoldi et al. (2018) [10] described the detected neu-
trino event along with the EM observations from the
said blazar by assuming a dense field of external low-
energy photons originating in a possible structured-layer
surrounding the jet as targets for photohadronic inter-
actions. Keivani et al. (2018) [12] assumed a hybrid
leptonic scenario of the blazar TXS 0506+056 where
the production of high-energy gamma-rays was described
by external inverse-Compton processes and high-energy
neutrinos are accounted via a radiatively sub-dominant
hadronic component. The said observation was inter-
preted recently in Gao et al. (2019) [14] by involving a
compact radiation core for high photohadronic interac-
tion rates.
In hadronic (pp) interaction scenario, high thermal
plasma density is required for efficient high energy γ−ray
production in AGN jet. Recently, Liu et al. (2019)
[16] described the observed EM and neutrino fluxes from
the blazar TXS 0506+056 by assuming the presence of
clouds in the vicinity of the super-massive black hole
(SMBH) that provides targets for inelastic pp collisions
once they enter the jet. However, the non-detection of
the BLR emission from TXS 0506+056 and other BL
Lac objects [12] create doubt on the presence of broad-
line region (BLR) clouds in the vicinity of the SMBH
of TXS 0506+056 [12]. Murase et al [18] considered the
CR-induced neutral beam model in which beamed neu-
trons, which are produced via the photodisintegration of
nuclei in the blazar zone, interact with an external ra-
diation field/cloud after escaping from the blazar zone
and thereby produce neutrinos. Their model can naively
explain both of the 2017 and 2014-2015 neutrino flares of
TXS 0506+056 when effective optical depth to the pho-
todisintegration process is taken 0.1 and ≥ 1 respectively.
The main reason behind the difficulties to understand
the interaction mechanism for gamma-ray and neutrino
production is the composition of bulk of the jet medium
3which is not clearly known. For high luminous blazars,
the proton component of plasma is necessary as suggested
by some author e.g, Celotti & Fabian (1993) [19], Ghis-
ellini et al. (2010) [20], in order to maintain the radi-
ated power which would not exceed that carried by the
jet. Under such a scenario, recently two of us (Banik
and Bhadra) have demonstrated that the detected neu-
trino event together with the EM observations from TXS
0506+056 can be consistently described by assuming a
proton blazar model where non-relativistic protons that
come into existence under the charge neutrality condition
of the blazar jet can offer sufficient target matter for pp
interaction with shock-accelerated protons [21].
So far no proper explanation of the Icecube observed
flare of 13 muon-neutrino events is available in the liter-
ature. Rodrigues et al. (2019)[23] concluded from their
analysis that the high event numbers of neutrinos quoted
by IceCube can not be explained by any other model of
the source. Considering a EM spectral hardening of the
source TXS 0506+056 above 2 GeV during the neutrino
flare, as predicted by Padovani et al. (2018) [22] based on
Fermi data, Rodrigues et al. (2019) [23] recently demon-
strated that hardly two to five neutrino events during the
flare can be described with different leptohadronic mod-
els: a one-zone model, a compact-core model, and an
external radiation field model. Garrappa et al. (2019)
[26] pointed out that the feature of spectral hardening
in SED of the source may in fact not be significant. On
the other hand Liang et al. (2018) [24] and He et al.
(2018) [25] have interpreted the 2014 neutrino flare and
the gamma-ray flare with a jet-cloud interaction model
assuming that the 2014 detection was actually from the
nearby source PKS 0502+049.
No detail production model for neutrinos from GB6
J1040+0617 is available in the literature yet.
III. THE PROTON-BLAZAR MODEL AND
COMPUTATION TECHNIQUE FOR FLUX
ESTIMATION
The overall composition of AGN jet is an unknown is-
sue so far. It is generally assumed that the relativistic
jet material is composed of relativistic protons (p) and
electrons (e) in almost all hadronic models of AGN jet.
In principle, the cold (non-relativistic) protons that arose
from charge neutrality condition, also exist as described
in the adopted proton blazar inspired model [21] which
is developed from the proton-blazar model [27]. The ad-
justable parameters of the model are the ratio of number
of relativistic protons to electrons, the maximum ener-
gies attained by protons/electrons in acceleration pro-
cess and slope of their energy spectrum, luminosities of
electrons and protons. We consider that the region of a
blazar jet which is responsible for the non-thermal emis-
sion, is a spherical blob of size R′b (primed variables for
jet frame) and it contains a tangled magnetic field of
strength B′. The magnetic field energy density ca be
written as u′B = B
′2/8π = 3p′B where p
′
B is the corre-
sponding pressure. If θ be the angle between the line
of sight and the jet axis then the Doppler factor of the
moving blob can be written as δ = Γ−1j (1 − βj cos θ)
−1
where Γj = 1/
√
1− β2j is the bulk Lorentz factor [28].
In the proton blazar framework, we have assumed a
broken power law energy distribution of accelerated rel-
ativistic electrons in the blazar jet to explain the low-
energy bump of the SED by synchrotron radiation and
can be written as [21, 29]
N ′e(γ
′
e) = Keγ
′−α1
e if γ
′
e,min ≤ γ
′
e ≤ γ
′
b
= Keγ
′α2−α1
b γ
′−α2
e if γ
′
b < γ
′
e ≤ γ
′
e,max (1)
where α1 and α2 are the spectral indices before and after
the spectral break at Lorentz factor γ′b and γ
′
e = E
′
e/mec
2
is the Lorentz factor of electrons of energy E′e. The nor-
malization constant Ke can be found using the relation
[21, 30]
L′e = πR
′2
b βjc
∫ γ′e,max
γ′e,min
mec
2γ′eN
′
e(γ
′
e)dγ
′
e (2)
where L′e represents the kinetic power of accelerated elec-
trons in the co-moving blazar jet frame. The energy den-
sity and number density of relativistic (‘hot’) electrons
are u′e =
∫
mec
2γ′eN
′
e(γ
′
e)dγ
′
e and n
′
e,h =
∫
N ′e(γ
′
e)dγ
′
e re-
spectively. The acceleration efficiency (χe) of electrons
in AGN jet is quite low mainly due to strong synchrotron
and Inverse Compton cooling at relativistic energies and
it can be considered as low as χe ≈ 10
−3 [31–33]. Hence,
n′e = n
′
e,h/χe represents the total number electrons in-
cluding ‘hot’ and non-relativistic (‘cold’) electrons.
Due to the synchrotron emission of this relativistic
electrons which describe low energy component of EM
SED of the blazar, the emissivity of photons of energy
E′s (= mec
2ǫ′s) from the AGN jet can be obtained as [30]
Q′s(ǫ
′
s) = A0ǫ
′−3/2
s
∫ ∞
1
dγ′eN
′
e(γ
′
e)γ
′−2/3
e e
−ǫ′s/(bγ
′2
e ) (3)
where the normalization constant is given by
A0 =
cσTB
′2
6πmec2Γ(4/3)b4/3
,
where b = B′/Bcrit is a constant with Bcrit = 4.4× 10
13
G and σT is the Thomson cross-section.
Due to the inverse Compton (IC) scattering of primary
accelerated electrons with the seed photons co-moving
with the AGN jet, the emissivity Qc(ǫ
′
c) of produced
gamma-ray photons of energy E′c (= mec
2ǫ′c) can be ob-
tained as given in [34, 35]. The seed photons can be
estimated directly from the observed photon flux from
4the blazar as shown in [21, 36] and the IC mechanism
can describe lower part of high energy component of EM
SED of the blazar.
In the proton blazar framework, we have also assumed
a power law behavior of the cosmic ray protons which
are also assumed to be accelerated to very high energies
E′p = mpc
2γ′p in the blob of a blazar jet as given by
[37, 38]
N ′p(γ
′
p) = Kpγ
′
p
−αp . (4)
where γ′p is the Lorentz factor of accelerated protons, αp
represents the spectral index, Kp indicates the propor-
tionality constant which can be obtained from the same
expression as eq (2) but for protons using the correspond-
ing jet power L′p in relativistic protons. The energy den-
sity of relativistic protons is u′p =
∫
mpc
2γ′pN
′
p(γ
′
p)dγ
′
p
and n′p =
∫
N ′p(γ
′
p)dγ
′
p represents the corresponding num-
ber density of relativistic protons.
Therefore, the emissivity of secondary particles which
may be produced when the shock accelerated cosmic rays
interact with the cold matter (protons) of density nH =
(n′e−n
′
p) in the blob of AGN jet, can be written as [16, 39–
41]
Q′i,pp(ǫ
′
i) =
cnHme
mp
∫
meǫ
′
i
mp
σpp(E
′
p)N
′
p(γ
′
p)Fi
(E′i
E′p
, E′p
)dγ′p
γ′p
(5)
where i could be π0 mesons, electrons (positrons) e±
or neutrinos ν, E′i = mec
2ǫ′i is the energy of produced
secondary particles and Fi is the spectrum of the corre-
sponding secondary particles in a single pp collision as
given in Kelner et al. (2006) [41].
The π0 mesons subsequently decays to gamma-ray and
the corresponding gamma-ray emissivity as a function of
gamma-ray energy E′γ(= mec
2ǫ′γ) is given by [42]
Q′γ,pp(ǫ
′
γ) = 2
∫ ǫ′π,max
ǫ′π,min(ǫ
′
γ)
Q′π,pp(ǫ
′
π)[
ǫ′π
2 − (mπme )
2
]1/2 dǫ′π (6)
where ǫ′π,min(ǫ
′
γ) = ǫ
′
γ +(
mπ
me
)2/(4ǫ′γ) represents the min-
imum energy of a pion required to create a gamma-ray
photon of energy ǫ′γ (in mec
2).
The produced TeV−PeV gamma-rays can be absorbed
due to internal photon-photon (γγ) interactions [43]
while propagating through an isotropic source of low-
frequency radiation which is generally assumed to be the
observed synchrotron radiation photons produced by the
relativistic electron population in co-moving jet. Hence,
the emissivity of escaped gamma-rays after internal γγ-
absorption within the source region can be expressed as
[30]
Q′γ,esc(ǫ
′
γ) = Q
′
γ(ǫ
′
γ).
(
1− e−τγγ
τγγ
)
. (7)
where τγγ(ǫ
′
γ) is the optical depth for the interaction and
can be obtained as given by [21, 43]. Following Aharonian
et al. (1983) [44] we obtained the number of injected
electrons (positrons) per unit volume and time in the
blob of AGN jet with a Lorentz factor γ′e coming from
internal γγ pair production [21].
The total number of high-energy injected elec-
trons/positrons (Q′e) in the emission region of AGN jet
are the sum of those (Q′e,γγ), created in γγ pair produc-
tion and those (Q′e,π), produced directly due to the decay
of π± mesons created in pp interaction (using Eq. 5). This
injected electrons/positrons will initiate EM cascades in
the AGN blob via the synchrotron radiation and the IC
scattering. We have obtained the stationary state of the
population of produced electron distribution N ′e(γ
′
e) by
using the injection functionQ′e(γ
′
e) as a source term in the
continuity equation for electrons is given by [38]. After
that, the associated stationary synchrotron emission of
the produced electrons distribution is evaluated and con-
sequently found again the observable photon spectrum
as given in Banik & Bhadra (2019) [21].
Let the total gamma-ray emissivity from the blob of
AGN jet is denoted by Q′γ,esc(ǫ
′
γ) with photon energies
E′γ = mec
2ǫ′γ in co-moving jet fame including all pro-
cesses stated above i.e, the synchrotron and the IC radi-
ation of accelerated electrons, the gamma-rays produced
in pp interaction and also the synchrotron photons of EM
cascade electrons. Therefore, the observable differential
flux of gamma-rays reaching at the earth from a blazar
can be written as
E2γ
dΦγ
dEγ
=
V ′δ2Γ2j
4πd2L
E′2γ
mec2
Q′γ,esc(ǫ
′
γ).e
−τEBLγγ (8)
where V ′ = 43πR
′3
b is the volume of the emission region,
Eγ = δE
′
γ/(1 + z) [45] relates photon energies in the ob-
server, dL is the luminosity distance between the AGN
and the Earth and co-moving jet frame of red shift pa-
rameter z respectively. Here we introduced the effect of
the absorption by the extragalactic background (EBL)
light on gamma-ray photons and τEBLγγ (ǫγ , z) is the cor-
responding optical depth which can be obtained using the
Franceschini-Rodighiero-Vaccari (FRV) model [46, 47].
The oscillation probability for a neutrino |να〉 of flavour
α to a neutrino |νβ〉 of flavour β after traversing a baseline
distance dL is given by [48, 49]
Pνα→νβ = δαβ − 4
∑
j>i
UαiUβiUαjUβj sin
2
(
πdL
λij
)
,(9)
where Uαi etc. in the above are the elements of the
neutrino mass-flavour mixing matrix (Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix) [50] with i, j etc. be-
ing the neutrino mass index. A neutrino |να〉 of flavour
α is related to its mass eigenstates |νi〉 (i = 1, 2, 3, for
5three flavour case) by
|να〉 =
∑
i
Uαi|νi〉 , (10)
For neutrinos of energy E and with ∆m2ij denoting the
mass square difference of two neutrino mass eigenstates
|νi〉 and |νj〉, the oscillation length λij (in the probability
equation) is given by
λij = 2.47Km
(
E
GeV
)(
eV2
∆m2ij
)
, (11)
In the present case, since neutrinos from a blazar has
to traverse an astronomical baseline distance dL to reach
the earth, the term ∆m2dL/E ≫ 1 in Eq. (9). Therefore
the oscillatory part in Eq. (9) is averaged out to a value
1
2 , 〈
sin2
(
πdL
λij
)〉
=
1
2
. (12)
With this, Eq. (9) is written as
Pνα→νβ = δαβ − 2
∑
j>i
UαiUβiUαjUβj
= δαβ −
∑
i
UαiUβi

∑
j 6=i
UαjUβj


=
∑
j
| Uαj |
2
| Uβj |
2
, (13)
where we use the unitarity condition
∑
i
UαiUβi = δαβ . (14)
From Eq. (10), we have,

 νeνµ
ντ

 =

 Ue1 Ue2 Ue3Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3



 ν1ν1
ν3

 , (15)
The matrix U (PMNS matrix) can be expressed as the
successive rotations
U = R23R13R12 , (16)
where
R12 =

 c12 s12 0−s12 c12 0
0 0 1

 , R13 =

 c13 0 s130 1 0
−s13 0 c13

 , R23 =

 1 0 00 c23 s23
0 −s23 c23

 . (17)
In Eq. (17), cij(i,j=1,2,3) = cos θij and sij(i,j=1,2,3) = sin θij , where θij is the mixing angle between i
th and jth
neutrinos. Therefore
U =

 c12c13 c13s12 s13−s12c23 − c12s23s13 c12c23 − s12s23s13 s23c13
s12s23 − c12c23s13 −c12s23 − s12c23s13 c23c13

 . (18)
Following Eq. (13) the oscillation probability P 3να→νβ can now be represented as [51]
P 3να→νβ ≡

 Pee Peµ PeτPµe Pµµ Pµτ
Pτe Pτµ Pττ

 ≡ XXT , (19)
with
X =

 | Ue1 |
2
| Ue2 |
2
| Ue3 |
2
| Uµ1 |
2 | Uµ2 |
2 | Uµ3 |
2
| Uτ1 |
2 | Uτ2 |
2 | Uτ3 |
2

 . (20)
6Denoting ϕνα for the neutrino flux at source for flavour α, the flux Φ
3
να on reaching the earth can now be expressed
as
Φ3νe = P
3
νe→νeϕνe + P
3
νµ→νeϕνµ ,
Φ3νµ = P
3
νµ→νµϕνµ + P
3
νe→νµϕνe ,
Φ3ντ = P
3
νe→ντϕνe + P
3
νµ→ντϕνµ . (21)
Now, following Eq. (19), the flux at earth Φ3να can be given by
 Φ3νeΦ3νµ
Φ3ντ

 = XXT ×

 ϕνeϕνµ
ϕντ

 . (22)
If the neutrinos originate at distant blazar with the flavour ratio
ϕνe : ϕνµ : ϕντ = 1 : 2 : 0 ,
the Eq. (22) takes the form


Φ3νe
Φ3νµ
Φ3ντ

 =


| Ue1 |
2 | Ue2 |
2 | Ue3 |
2
| Uµ1 |
2 | Uµ2 |
2 | Uµ3 |
2
| Uτ1 |
2 | Uτ2 |
2 | Uτ3 |
2




| Ue1 |
2 | Uµ1 |
2 | Uτ1 |
2
| Ue2 |
2 | Uµ2 |
2 | Uτ2 |
2
| Ue3 |
2 | Uµ3 |
2 | Uτ3 |
2


×


1
2
0

ϕνe . (23)
Finally Eq. (23) can be written as
Φ3νe = [| Ue1 |
2(1 + | Uµ1 |
2 − | Uτ1 |
2) + | Ue2 |
2(1 + | Uµ2 |
2 − | Uτ2 |
2)
+| Ue3 |
2(1 + | Uµ3 |
2 − | Uτ3 |
2)]ϕνe ,
Φ3νµ = [| Uµ1 |
2(1 + | Uµ1 |
2 − | Uτ1 |
2) + | Uµ2 |
2(1 + | Uµ2 |
2 − | Uτ2 |
2)
+| Uµ3 |
2(1 + | Uµ3 |
2 − | Uτ3 |
2)]ϕνe ,
Φ3ντ = [| Uτ1 |
2(1 + | Uµ1 |
2 − | Uτ1 |
2) + | Uτ2 |
2(1 + | Uµ2 |
2 − | Uτ2 |
2)
+| Uτ3 |
2(1 + | Uµ3 |
2 − | Uτ3 |
2)]ϕνe . (24)
The elements Uαi in Eq. (24) can be computed us-
ing Eq. (18). In this work we adopted the values
of mixing angles to be θ12 = 32.96
o, θ23 = 48.7
o and
θ13 = 8.43
o [52] for the computation. Hence, the flavour
ratio of neutrino flux reaching at earth from the dis-
tant blazar after neutrino oscillation is evaluated to be
Φ3νe : Φ
3
νµ : Φ
3
ντ = 1.052 : 0.992 : 0.955.
The corresponding muon neutrino flux reaching at the
earth can be expressed as
E2ν
dΦνµ
dEν
= ξ.
V ′δ2Γ2j
4πd2L
E′2ν
mec2
Q′ν,pp(ǫ
′
ν) (25)
where ξ = 0.992/3 is a fraction which is considered due
to neutrino oscillation and Eν = δE
′
ν/(1 + z) [45] relates
neutrino energies in the observer and co-moving jet frame
respectively. If the differential flux of muon neutrinos are
known then the number of expected muon neutrino event
in IceCube detector in time τ can be obtained from the
relation
Nνµ = τ
∫ ǫν,max
ǫν,min
Aeff (ǫν).
dΦνµ
dǫν
dǫν (26)
where Aeff be the IceCube detector effective area at the
declination of the blazars in the sky [9, 22, 53].
IV. GAMMA-RAY AND NEUTRINO FLUXES
FROM THE ICECUBE DETECTED BLAZARS
The gamma-ray variability time scale of all three
blazars can generally be assumed as tver ≤ 10
5 as found
for TXS 0506+056 by analyzing the X-ray and gamma-
ray light curves [12]. The best fit spectral slope of the
observed astrophysical neutrinos of between 194 TeV and
7.8 PeV by IceCube observatory [54, 55] suggest that the
spectral index of the energy spectrum of AGN accelerated
cosmic rays can be taken as αp ∼ −2.1 for all blazars.
7As the declination of the all blazars are nearly same, we
have used the same Aeff as provided by IceCube collab-
oration at the declination of the TXS 0506+056 in the
sky for all three blazars [9, 53].
A. GB6 J1040+0617
An energy of 97.4± 9.6 TeV was deposited in the Ice-
cube detector by the neutrino event, IceCube-141209A
[26]. Although two neighboring FSRQs 4C+06.41
and SDSS J104039.54+061521.5 of the object GB6
J1040+0617 was found to be positionally located within
the 90% uncertainty of the well-reconstructed neutrino
IceCube-141209A, they are less favored as the likely
neutrino counterpart [26]. Because no significant high-
energy gamma-ray emission was observed at the arrival
of IceCube-141209A neutrino event. On the other hand,
being an BL Lac object, GB6 J1040+0617 displays a
bright optical flare detected by ASAS-SN observatory as-
sociated with modest gamma-ray activity at the neutrino
arrival time. At the detection time of IceCube-141209A
the blazar shows an increased gamma-ray activity which
starts a few days before the neutrino event detection
and lasts 93 days i.e, from MJD 56997 to 57090 with
respect to the 9.6 years averaged flux [26]. Moreover, the
blazar is located near the equatorial plane at a similar
declination as TXS 0506+056 which is the sky region for
which IceCube is most sensitive to high-energy neutrinos.
If IceCube-141209A is astrophysical in origin, the low-
synchrotron peaked gamma-ray blazar GB6 J1040+0617
appears to be a plausible neutrino source candidate based
on its energetics and multiwavelength characteristics [26].
The redshift of the blazar has been recently estimated to
be z = 0.73 [61, 62] and the luminosity distance of the
blazar is evaluated to be dL ∼ 4612.1 Mpc with a con-
sensus cosmology.
To explain the EM SED of GB6 J1040+0617 over the
optical to gamma-ray energy range, we have considered
the size of emission region ofR′b = 5.2×10
16 cm with bulk
Lorentz factor of AGN jet Γj = 21 and Doppler boosting
factor δ = 30 which are strongly consistent with the size
suggested from the variability, namely R′b . δctver/(1 +
z) ≃ 5.2× 1016 cm assuming tver ≃ 10
5 s (similar to that
of the blazar TXS 0506+05).
The lower energy bump of the experimental EM SED
data can be explained well by the synchrotron emission
of primary accelerated electron’s distribution obeying a
broken power law as given by Eq. (1) with spectral in-
dices α1 = 1.6 and α2 = 5.7 respectively before and after
the spectral break at the Lorentz factor γ′b = 1.3 × 10
4.
The required magnetic field and kinematic power of rel-
ativistic electrons in blazar jet to fit the observed data
are found to be B′ = 0.01 G and L′e = 2.3 × 10
43 erg/s
respectively. Also IC scattering of primary relativistic
electrons with this synchrotron photons co-moving with
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FIG. 1: Estimated differential energy spectrum of gamma-
rays and neutrinos reaching at the Earth from the blazar
GB6 J1040+0617. The pink small dashed line indicates the
low energy component of EM spectrum due to synchrotron
emission of relativistic electrons. The green long dash-double-
dotted denotes the gamma-ray flux produced due to Inverse
Compton emission of relativistic electrons in seed photon dis-
tribution in co-moving jet frame. The red dotted line rep-
resents the gamma-ray flux produced due to pp-interaction
along with cascade emission of electron/positron produced
in γγ-absorption of first produced gamma-rays in pp interac-
tion. The black continuous line represents the estimated over-
all differential multi wave-length EM SED. The blue small
dash-single dotted line indicates the differential muon neu-
trino flux reaching at earth. The yellow dash-triple-dotted
line and brown long dash-single dotted line denote the de-
tection sensitivity of the CTA detector for 1000 h and the
LHAASO detector for 1 year respectively. The cyan long
dashed line indicates the expected level and energy range of
the neutrino flux reaching at earth to produce one muon neu-
trino in IceCube in 0.5 year, as observed.
the AGN jet is found to produce the lower part of the
high energy bump of the EM spectrum.
The higher energy bump of observed EM SED data
can be reproduced well by the model as estimated using
the Eq. (8) and the required accelerated primary proton
injection luminosity is estimated to be L′p = 10
45 erg/s
along with the best fitted spectral slope of αp = −2.1.
The cold proton number density in jet turns out to be
1.5 × 106 particles/cm3 under charge neutrality condi-
tion which provides sufficient targets for hadronuclear
interactions with accelerated protons under the assump-
tion of a low acceleration efficiency of electrons in AGN
jet of χe ≈ 10
−3. The total jet power in the form of
relativistic electron, proton kinetic energy and magnetic
8field evaluated as Lkjet = Γ
2
jβjcπR
′2
b
[
u′e + u
′
p + u
′
B
]
[10]
and found out to be 4.5× 1047 erg/s. This is consistent
with the Eddington luminosity of the blazar if we assume
that the system hosts a super-massive black hole of mass
Mbh & 3.5×10
9M⊙, like AGN M87. During outbursts or
for a collimated outflow in a jet and if the jet does not in-
terfere with the accretion flow, the jet power may exceed
the Eddington luminosity moderately, within a factor of
ten [14, 57].
The estimated differential gamma-ray and neutrino
spectrum reaching at Earth from this blazar along with
the different space and ground based observations is dis-
played in Fig. 1. Using the Eq. (26) the expected muon
neutrino event in IceCube detector from the blazar is
evaluated to be about Nνµ = 0.67 events in 32 TeV and
3.6 PeV energy range in 0.5 years for the flaring VHE
emission state with E′p,max = 20 PeV.
B. TXS 0506+056
The IceCube detected high-energy neutrino-induced
muon track IceCube-170922A was found to be position-
ally coincident with the known flaring γ−ray blazar, TXS
0506+056 with chance coincidence being rejected at a
3σ confidence level[8]. No additional excess of neutri-
nos was found from the direction of TXS 0506+056 near
the time of the alert. Considering a spectral index of
−2.13 (−2.0) for the spectrum of diffuse astrophysical
muon neutrinos, the most probable energy of the neu-
trino event was estimated to be 290 TeV (311 TeV) with
the 90% C.L. lower and upper limits being 183 TeV
(200 TeV) and 4.3 PeV (7.5 PeV), respectively [8, 10].
The Fermi-LAT observations suggest that the integrated
gamma-ray flux above 0.1 GeV from TXS 0506+056 el-
evates to the level (5.3 ± 0.6) × 10−7 cm−2s−1 in the
week 4 to 11 July 2017 from its averaged integrated flux
of (7.6 ± 0.2) × 10−8 cm−2s−1 above 0.1 GeV during
2008 to 2017. The Astro-Rivelatore Gamma a Immagini
Leggero (AGILE) gamma-ray telescope observed a flux
of (5.3 ± 2.1) × 10−7 cm−2s−1 during 10 to 23 Septem-
ber 2017. Thus all the extensive follow-up observations
revealed TXS 0506+056 was active in all EM bands dur-
ing the period July 2017 to September 2017 whereas the
source was found to be in quiescent stage most of the
time based on an archival study of the time-dependent
γ-ray data over the last ten years or so. The redshift of
the blazar has been recently estimated to be z = 0.3365
[56] and the luminosity distance of the blazar is evaluated
to be dL ∼ 1750 Mpc [12] with a consensus cosmology.
Here we have chosen the size of emission region of
R′b = 2.2 × 10
16 cm with bulk Lorentz factor of AGN
jet Γj = 10.4 and Doppler boosting factor δ = 20
which are strongly consistent with the size inferred from
the variability, namely R′b . δctver/(1 + z) ≃ 4.5 ×
1016(δ/20)(tver/10
5s) cm [12] to describe the EM SED
of TXS 0506+056 over the optical to gamma-ray energy
range.
Similarly, we found that the synchrotron emission of
primary accelerated electron’s distribution obeying a bro-
ken power law can establish well the lower energy bump
of the experimental EM SED data. The IC scattering of
primary relativistic electrons with those synchrotron pho-
tons ( including high energy photons) co-moving with the
AGN jet is found to produce lower part of the high energy
bump of the EM spectrum. Our proton blazar model in
which gamma-rays are found to produce in interactions
of relativistic protons with the ambient cold protons in
the blob, can explain consistently the observed higher
energy bump of observed EM SED data as estimated fol-
lowing Eq. (8). The required accelerated primary proton
injection luminosity is estimated to be L′p = 10
46 erg/s
with the best fit spectral slope of αp = −2.13 and the
total kinetic jet power turns out to be 1048 erg/s. The
results for this blazar is discussed in details in [21]. The
model fitted parameters are shown in Table I.
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FIG. 2: Evaluated differential energy spectrum of gamma-
rays and neutrinos reaching at the Earth from the blazar
TXS 0506+056. The black continuous line indicates the es-
timated overall differential multi wave-length EM SED fol-
lowing our model during active phase. The blue dash-single-
dotted line denotes the differential muon neutrino flux reach-
ing at earth. The yellow dash-triple-dotted line and brown
long-dashdouble-dotted line indicate the detection sensitivity
of the CTA detector for 1000 h and the LHAASO detector for
1 yr, respectively. The cyan long dashed line represents the
expected level and energy range of the neutrino flux reaching
Earth to produce 1 muon neutrino events in IceCube in 0.5
year, as observed.
The calculated differential gamma-ray and neutrino
spectrum reaching at Earth from this blazar along with
9the different space and ground based observations are
given in Fig. 2. Using the Eq. (26) the expected muon
neutrino event in IceCube detector from the blazar is
found to be about Nνµ = 1 events in 200 TeV and 7.5
PeV energy range in 0.5 years for the flaring VHE emis-
sion state with E′p,max = 10 PeV.
C. TXS 0506+056/PKS 0502+049
Reanalyzing the historical 9.5 yr of data at the position
of TXS 0506+056 Icecube collaboation reported signifi-
cant evidence for a flare of 13± 5 muon-neutrino events
between September 2014 and March 2015 [8]. Moreover,
it is also reported that observed neutrino flare has 3.5σ
excess over atmospheric neutrinos in an energy range (68
per cent) between 32 TeV and 3.6 PeV. But, the blazar
TXS 0506+056 was appeared to be in the quiescent state
in both the radio and GeV emission band at the arrival
time window of such a neutrino flare [8]. The energy spec-
trum of detected neutrinos exhibits power law behavior
with spectral slop around −2.1 to −2.2 depending on the
choice of fitting window [9]. The spectral index of ac-
celerated proton spectrum has to be chosen accordingly.
The calculated differential gamma-ray and neutrino
spectrum reaching at Earth from TXS 0506+056 dur-
ing MJD 56949-57059 along with the different space and
ground based observations are given in Fig. 3. It is found
that overall differential multi wave-length EM SED of the
blazar in quiescent state can be fitted using our model
but by modifying the fitting parameters by the following
two approaches:
1) The parameters like Γ, δ, θ and R′b are kept fixed to
that of active state of the blazar. the magnetic field has
to increase slightly to B′ = 0.7 G and other parame-
ters are adjusted as α1 = 1.8, α2 = 4.3, γ
′
b = 5 × 10
3,
L′e = 9.2 × 10
41 erg/s, L′p = 2.9 × 10
45 erg/s and
Lkjet = 3.14 × 10
47 erg/s. The archival observed x-ray
data restrict the spectral slope to αp = −2.2 and the
expected muon neutrino event in IceCube detector from
the blazar is found to be about Nνµ = 0.2 events in 32
TeV and 3.6 PeV energy range in 158 days.
2) The parameters like θ, α1, α2 and R
′
b are kept fixed
as before, the magnetic field is decreased to B′ = 0.3 G
and the bulk Lorentz and Doppler factor are increased to
Γ = 16, δ = 29.3. The other parameters are adjusted as
γ′b = 5.5 × 10
3, L′e = 7.5 × 10
41 erg/s, L′p = 1.2 × 10
45
erg/s and Lkjet = 3.07 × 10
47 erg/s. The archival ob-
served x-ray data restrict the best fit spectral slope to
αp = −2.2 and the expected muon neutrino event in Ice-
Cube detector from the blazar is estimated to be about
Nνµ = 0.23 events in 32 TeV and 3.6 PeV energy range
in 158 days.
Thus the blazar TXS 0506+056 which is in quiescent
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FIG. 3: Evaluated differential energy spectrum of gamma-
rays and neutrinos reaching at the Earth from the blazar
TXS 0506+056 in quiescent state (during MJD 56949-57059).
The black and blue continuous line indicates the estimated
overall differential multi wave-length EM SED and neutrino
spectrum respectively following our model (using method-1).
The red and magenta dashed line also indicates the estimated
overall differential multi wave-length EM SED and neutrino
spectrum respectively following our model (using method-2).
The cyan long dashed line represents the expected level and
energy range of the neutrino flux reaching Earth to produce
13 muon neutrino events in IceCube in 158 rays, as observed.
state during MJD 56949-57059, is unlikely to contribute
to the detected neutrino flare during the same period. It
is found that a bright source PKS 0502+049 blazar which
is located ∼ 1.20 away from TXS 0506+056, had strong
GeV flares around the neutrino flare phase in 2014−2015.
The light curve of the blazar displays two major active
phases − one in the periods of MJD 56860-56960 and an-
other in the periods of MJD 57010-57120which are partly
overlapped with the 158-days box-shaped time window of
IceCube neutrino flare from MJD 56937 to MJD 57096
[58]. The redshift of the blazar has been recently evalu-
ated to be z = 0.954 and the luminosity distance of the
blazar is estimated to be dL ∼ 6.4 Gpc with a consensus
cosmology [59].
To describe the EM SED of PKS 0502+049 over the
optical to gamma-ray energy range during MJD 56860-
56960, we have considered the size of emission region of
R′b = 6 × 10
16 cm with bulk Lorentz factor of AGN jet
Γj = 30 and Doppler boosting factor δ = 40. The size
of emission region R′b is strongly consistent with the size
inferred from the variability, namely R′b . δctver/(1 +
z) ≃ 6.14×1016 cm assuming tver ≃ 10
5 s (similar to the
10
blazar TXS 0506+05).
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FIG. 4: Estimated differential energy spectrum of gamma-
rays and neutrinos reaching at the Earth from the blazar
PKS 0502+049. The black continuous line (red small-dashed
line) and blue small-dash-dotted line (pink small dash-double-
dotted line) indicates the estimated overall differential multi
wave-length EM SED and the differential muon neutrino flux
reaching at earth following our model using αp = −2.1 (−2.2)
during first active phase in MJD 56909.8-56922.2. The gray
dotted line and green very-long dashed line represents the
same with αp = −2.1 but for the quiescent state of the blazar
during MJD 56949-57059. The yellow dash-triple-dotted line
and brown long-dashsingle-dotted line indicate the detection
sensitivity of the CTA detector for 1000 h and the LHAASO
detector for 1 yr, respectively. The cyan long dashed line rep-
resents the expected level and energy range of the neutrino
flux reaching Earth to produce 13 muon neutrino events in
IceCube in 158 days, as observed.
During first active phase, the synchrotron emission of
primary accelerated electron’s distribution are found to
produce well the lower energy bump of the experimental
EM SED data of the blazar PKS 0502+049. The re-
quired magnetic field and kinematic power of relativistic
electrons in blazar jet as given by Eq. (2) are B′ = 0.024
G and L′e = 1.76× 10
43 erg/s respectively for reproduc-
tion of the em spectrum. The IC scattering of primary
relativistic electrons with this synchrotron photons (in-
cluding high energy photons) co-moving with the AGN
jet are found to produce the lower part of high energy
bump of the EM spectrum.
Following the model as estimated using Eq. (8), the
observed higher energy bump of observed EM SED data
during first active phase can be reproduced well and the
required accelerated primary proton injection luminosity
is estimated to be L′p = 1.02×10
46 erg/s with the spectral
slope of αp = −2.1 to −2.2. Here we have taken acceler-
ation efficiency of the electrons in AGN jet as χe ≈ 10
−3
and the cold proton number density in jet turns out to be
1.4×106 particles/cm3 under charge neutrality condition
which provides sufficient targets for hadronuclear inter-
actions with accelerated protons. The expected muon
neutrino event in IceCube detector from the blazar is
found to be about Nνµ = 12.24 and 5.85 events using
αp = −2.1 and −2.2 respectively in 32 TeV and 3.6 PeV
energy range in 158 days for the flaring VHE emission
state with E′p,max = 20 PeV as estimated using Eq. (26).
The total jet power in the form of relativistic elec-
tron, proton kinetic energy and magnetic field is esti-
mated as Lkjet = 9.2× 10
48 erg/s which is about 94 times
higher then the Eddington luminosity of the blazar PKS
0502+049 (Ledd ≃ 9.8× 10
46 erg/s considering the black
hole mass of Mbh ≃ 7.53× 10
8M⊙ [60]).
On the other hand, the quiescent state of the blazar
during MJD 56949-57059 found to be of leptonic ori-
gin where the observed low- and high-energy bump of
observed EM SED data can be explained well by the
synchrotron emission and IC scattering of primary ac-
celerated electron’s distribution of injection luminosity
L′e = 1.8 × 10
43 erg/s with B′ = 0.017 G. Because
of harder spectral slope at GeV energies of observed
EM SED, the second active phase during MJD 57010-
57120 may also be originated in leptonic mechanism as
suggested by Sahakyan (2019) [58]. The gamma-ray
and neutrino production via pp interaction may be sub-
dominant and hence emission of neutrinos is not signif-
icant during this phase. The expected muon neutrino
event in IceCube detector from the blazar is found to be
about Nνµ = 0.35 with L
′
p = 10
44 erg/s and αp = −2.1
in 32 TeV and 3.6 PeV energy range in 158 days with
E′p,max = 20 PeV. The calculated differential gamma-
ray and neutrino spectrum reaching at Earth from this
blazar along with the different space and ground based
observations is shown in Fig. 4.
V. DISCUSSION
Observation of high energy neutrinos along with
gamma-rays form flaring blazars consequently suggests
hadronic mechanism as their origin in the blazar jets. Al-
though AGN jet composition is not conclusively known
so far, the general convention is that there is a dense
radiation target within the jet unless it is of an exter-
nal origin [58]. The photomeson reaction (pγ) is more
widely used to explain the emission from blazars. To
describe the spectral energy distribution (SED) and the
neutrino event, the conventional one-zone models offers
too low neutrino rates in combination with excessively
high neutrino energies or maintained super-Eddington
injection luminosities. The current theoretical study
generally suggests that the geometry of the radiation
11
TABLE I: Model fitting parameters for TXS 0506+056, PKS 0502+049 and GB6 J1040+0617 according to proton blazar model.
Parameters TXS 0506+056 PKS 0502+049 GB6 J1040+0617
Active Quiescent Quiescent Active Active
Method-1 Method-2
δ 20 20 29.3 40 30
Γj 10.4 10.4 16 30 21
θ 1
0 1.350 1.70
z 0.3365 0.954 0.73
R′b (in cm) 2.2× 10
16 6× 1016 5.2× 1016
B (in G) 0.38 0.7 0.3 0.024 0.01
α1 −1.71 1.8 −1.71 −1.7 −1.6
α2 −4.3 4.3 −4.3 −3.8 −5.7
γ′b 8.5× 10
3 5× 103 5.5× 103 1.3× 104 1.3× 104
γ′e,min 1 1 1
γ′e,max 1.5× 10
5 7× 104 7× 104 1.4× 105 1.4× 105
L′e (in erg/s) 2.3× 10
42 9.2× 1041 7.5× 1041 1.76 × 1043 2.3× 1043
nH (in cm
−3) 1.68× 10
6 1.24× 106 6.43× 105 1.4× 106 1.5× 106
αp −2.13 −2.2 −2.2 −2.1 −2.1
E′p,max (in eV) 10
16 2× 1016 2× 1016
L′p (in erg/s) 10
46 2.9× 1045 1.2× 1045 1.02 × 1046 1045
Lkjet (in erg/s) 10
48 3.14 × 1047 3.07× 1047 9.2× 1048 4.5× 1047
Nνµ 1 0.2 0.23 12.24 0.67
zone must be more complex, involving a external radi-
ation fields boosted into the jet frame, either thermal
[12] or non-thermal with structured jet modeling [10] or
a compact radiation core with high photohadronic in-
teraction rates [14]. By adopting such complex geom-
etry of radiation zone, one may interpret the neutrino
events from TXS 0506+056 (during the year 2017) and
GB6 J1040+0617 but the observation of flaring events
during the period 2014-15 from the direction of TXS
0506+056/PKS 0502+049 cannot be explained through
lepto-hadronic models [23, 58].
In inelastic hadronic pp interaction scenario requires
high thermal plasma density but offers high neutrino
rates in combination with neutrino energy range as de-
tected by IceCube observatory. The scenario is effec-
tively understood in cloud-jet interaction scenario where
the presence of clouds in the vicinity of the super-massive
black hole (SMBH) that provides targets for inelastic pp
collisions once they enter the jet. However, the pres-
ence of broadline region (BLR) clouds in the vicinity of
the SMBH for TXS 0506+056 is doubtful due to the non-
detection of the BLR emission from TXS 0506+056, GB6
J1040+0617 and other BL Lac objects. Consequently
the hadronuclear (pp) interaction interpretation like rel-
ativistic jet meets with high density cloud is unlikely a
common scenario for neutrino production in all IceCube
blazars.
In the original proton blazar model [27] high energy
gamma-rays are interpreted through synchrotron radia-
tion by high energy protons in strong magnetic field en-
vironment. However, the gamma-ray spectrum of the
IceCube blazars can not be modeled with the proton
synchrotron radiation due to low magnetic field strength
of the source as obtained from the fitting of low energy
hump of SED. In the present cases, the photomeson (pγ)
interaction is also found inefficient due to low amplitude
of target synchrotron photon field.
Instead, the inspired proton blazar model as elabo-
rately discussed in Banik & Bhadra (2019) [21] appears
to be more appropriate as the high energy gamma-rays
are produced along with relatively higher neutrino event
rate in interactions of relativistic protons with the ambi-
ent cold protons in the blob of AGN jet. In the frame-
work of the proton blazar model, our findings suggest
that relative contributions to the total jet power of cold
protons, accelerated protons, magnetic field, and acceler-
ated electrons obtained on the basis of charge neutrality
can describe consistently both the low- and high-energy
12
bump of the multiwavelength EM SED and also the de-
tected neutrino events IceCube-170922A and IceCube-
141209A from the flaring blazar TXS 0506+056 and GB6
J1040+0617 respectively. On the other hand, the emis-
sion of 13 muon-neutrino events observed in 2014-2015
from the direction of the blazar TXS 0506+056 can not
be explained by any existing models assuming the corre-
lation the neutrino flare with TXS 0506+056 which was
found to be in the quiescent state at the arrival time win-
dow of such a neutrino flare. We found that the nearby
flaring blazar PKS 0502+049 can effectively contribute
13 neutrino events depending on the cosmic ray spectral
slope to the IceCube reported neutrino flare in 158-days
during its first active phase (MJD 56860-56960). The sec-
ond active phase of PKS 0502+049 during MJD 57010-
57120 is supposed to be leptonic in origin as suggested
by Sahakyan (2019) [58] and consequently no neutrino
emission is expected during this stage. We find that the
maximum energy (Ep = δE
′
p/(1 + z)) of the cosmic ray
particle achievable in the blazars, namely TXS 0506+056,
PKS 0502+049 and GB6 J1040+0617 are 1.5× 1017 eV,
4.1×1017 eV and 3.5×1017 eV respectively in the observer
frame and are required to explain consistently the ob-
served gamma-ray and neutrino signal from the sources.
The model fitting parameters to match the EM SED as
well as muon neutrino events from each of the blazars
considered here is shown in Table I.
VI. CONCLUSION
The coincident detection of the neutrino event,
IceCube-170922A, 13 muon-neutrino events observed in
2014-2015 and IceCube-141209A by IceCube observa-
tory with the gamma-ray flaring blazar, TXS 0506+056,
PKS 0502+049 and GB6 J1040+0617 respectively pro-
vide support to the acceleration of cosmic rays in the
blazar jet in diffusive shock acceleration process [8]. The
photomeson reaction (pγ) is more widely used to explain
the emission from blazars with major shortcomings of ei-
ther low neutrino rates or complex geometry of the blazar
jet required. More imporatntly the lepto-hadronic model
can not reproduce the neutrino flaring events from the
direction of TXS 0506+056/PKS 0502+049 during the
period 2014-15. On the other hand the cloud-jet inter-
action scenario seems unlikely to be a common scenario
for neutrino production in all IceCube blazars due to ab-
sence of the broadline emission in the optical spectra of
the sources.
In the framework of the proton blazar model, our find-
ings suggest that both the low- and high-energy bump
of the multiwavelength EM SED and also the observed
neutrino events from the corresponding blazars can be
explained consistently with the relative contributions to
the total jet power of cold protons, accelerated protons,
accelerated electrons and magnetic field obtained on the
basis of charge neutrality. The nearby flaring blazar PKS
0502+049 of the TXS 0506+056 is found to contribute
mostly to the neutrino flare observed during 2014-2015
which can not be described by any model from TXS
0506+056 as origin [23]. Our findings suggest that the
maximum energy of the cosmic ray particle achievable
in the blazars is nearly 1 order less than the ankle en-
ergy of the cosmic ray energy spectrum in the observer
frame and are required to explain consistently the ob-
served gamma-ray and neutrino signal from the sources.
The upcoming gamma-ray experiments like CTA [63] and
LHAASO [64], which are very sensitive up to 100 TeV
energies, may provide a clearer evidence of the physical
origin of gamma-rays and maximum achievable energy of
cosmic rays in AGN jets if more such events are detected
from other blazars in upcoming years.
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